Orientational and novel long-range order restraints available from paramagnetic systems have been used to determine the backbone solution structure of the cytochrome c H protein to atomic resolution in the complete absence of restraints derived from the nuclear Overhauser effect. By exploiting the complementary geometric dependence of paramagnetic pseudocontact shifts and the recently proposed Curie-dipolar cross correlated relaxation effect, in combination with orientational constraints derived from residual dipolar coupling, autorelaxation rate ratios and secondary structure constraints, it is possible to de®ne uniquely the fold and re®ne the tertiary structure of the protein (0.73 A Ê backbone rmsd for 82/129 amino acid residues) starting from random atomic Cartesian coordinates. The structure calculation protocol, developed using speci®c models to describe the novel constraint interactions, is robust, requiring no precise a priori estimation of the various interaction strengths, and provides unambiguous convergence based only on the value of the target function. Tensor eigenvalues and their component orientations are allowed to¯oat freely, and are thus simultaneously determined, and found to converge, during the structure calculation.
Introduction
The determination of three-dimensional macromolecular structure by NMR using distances derived from the nuclear Overhauser effect (NOE) is now established as a standard technique for studying small to medium-sized proteins in solution (Wu È thrich, 1986) . Recent developments in heteronuclear multi-dimensional spectroscopy (Cavanagh et al. 1996) , in particular the exploitation of cross-correlation between chemical shift anisotropy and dipole-dipole interactions (Pervushin et al. 1997) , have made simple heteronuclear spectra of high molecular mass systems accessible to study by solution state NMR. Despite these advances, the determination of structure of larger systems using NOE-based methods is complicated by the problems of spin-diffusion, which impair both the identi®cation and precision of geometric data and the spectral complexity, which signi®-cantly diminishes the possibility of unambiguous assignment of interaction partners. More importantly, transverse relaxation times become prohibitively short making complex NMR pulse schemes unrealistically insensitive. The determination of the structure of macromolecules is further limited by the inadequate number of inter-proton dipolar interactions available to de®ne long-range order in non-globular extended or modular systems. For these reasons the development of new methods, which do not depend on the measurement of 1 H-1 H NOE for the study of macromolecular structure, is of great importance for the application of NMR as a tool for the determination of the structure of larger and more complex systems.
During the last ®ve years novel approaches for measuring orientational information relative to a common molecular reference frame, from residual dipolar coupling due to molecular alignment (Tjandra et al., 1997a) or from heteronuclear relaxation in anisotropically tumbling molecules (Bru È schweiler et al., 1995; Tjandra et al., 1997b) , have provided new tools for the study of proteins and nucleic acids in the solution state. Weak alignment of proteins, which can exist naturally due to the paramagnetic properties of the molecule (Tolman et al., 1995) or be induced by solvation in liquid crystal media (Tjandra & Bax, 1997) , lipid bicelles (Sanders et al., 1994) or a suspension of ®la-mentous bacteriophage (Hansen et al., 1998) , prevents complete averaging of the dipolar interaction while retaining the solution properties necessary for high resolution NMR. The measurement of dipolar couplings under these conditions provides long-range order constraints which, in combination with classical NOE data, have been shown to improve structure determination in multidomain systems and protein-ligand complexes (Tjandra, 1999; Fischer et al., 1999; Olejniczak et al., 1999; Clore & Garrett et al., 1999; Bolon et al., 1999) . Nevertheless, the determination of three-dimensional protein structure using only orientational information is severely hindered by the lack of long-range distances that de®ne the topology of the molecule.
It has long been recognised that the presence of paramagnetic centres in macromolecules provides structural information relative to a reference point ®xed to the molecular frame (Bertini & Luchinat, 1986) . In addition, the orientation (y 1 ,f 1 ) of interatomic vectors relative to the anisotropic magnetic susceptibility, w, is provided by 1 H-15 N residual dipolar coupling (J dip ) as described above:
Where Áw ax and Áw rh are the axial and rhombic components of the susceptibility tensor. The dual dependence of pseudocontact paramagnetic chemical shift (d para ) on the electron-proton distance and the angle (y 2 ,f 2 ) made by the observed nucleus, the electron and w provides important but highly degenerate structural information:
A number of recent studies have indeed shown that d para can be used in combination with NOE data to re®ne protein and nucleic acid structures (Gochin & Roder, 1995; Banci et al., 1998; Tu & Gochin, 1999) . This important structural degeneracy can be partially raised using a novel source of long-range structural information, recently proposed from the measurement of Curie spin-nuclear spin cross-correlated relaxation (À Curie,DD ) (Gue Âron, 1975; Ghose & Prestegard, 1997; Boisbouvier et al., 1999) whose dependence on the angle N À H À e À (y 3 ) and the nuclear-electron distance r H À e À (with B 0 the magnetic ®eld, t c the correlation time of the molecule and " w the magnetic susceptibility) provides similar, but essentially different geometric constraints:
As mentioned above, heteronuclear relaxation rates in anisotropically tumbling molecules, whose geometric dependence on the orientation (y 4 ,f 4 ) of the relaxation interaction and the diffusion tensor are similar to the dipolar coupling dependence, also provide important orientational information. This complex geometric dependence has been extensively presented elsewhere (Woessner, 1962; Bru È schweiler et al., 1995; Tjandra et al., 1997b) . As shown in Figure 1 , these measurements represent a powerful set of constraints, whose evident complementarity should increase available structural de®nition.
Here, we propose that the geometric de®nition resulting from the combination of long-range order and paramagnetic constraints provides the essential Cartesian and orientational de®nition necessary to determine unambiguously protein structure. Using a real experimental model, we show that protein structure can in fact be calculated de novo using only this type of constraint, all of the variables of which are relatively simple to measure in systems containing a paramagnetic centre. While most macromolecules do not naturally possess such properties, the replacement of calcium by paramagnetic lanthanide ions in calcium-binding proteins (Contreras et al., 1999) , and the ligation of lanthanide-binding peptides to proteins and nucleic acids may allow this method to be applied more generally to determine the structure of macromolecules. We discuss the relative merits of the approach with respect to more conventional NOE-based structure determination methods.
Results and Discussion
Cytochrome c H : a model for spin-labelled proteins As an experimental model system we have chosen the cytochrome c H (Cytc H ) from Rhodobacter capsulatus, for which experimental data from the above phenomena have been measured in our laboratory (Boisbouvier et al., 1999; Tsan et al., 1999; Tsan 1998 ) in addition to diamagnetic 15 N relaxation data (Tsan, 1998) . Cytc H is a ®ve-ligand heam protein possessing two paramagnetic states for the reduced (S 2) and oxidised (S 5/2) Fe, and which is diamagnetic when bound to CO as a sixth ligand. To determine the capacity of long-range paramagnetic and orientational information to unambiguously de®ne protein structure we have used only experimental data from the diamagnetic form and one of the two available paramagnetic states (S 2). Recent studies have shown that this molecule is monomeric in solution in all three forms (De Âme Âne Â et al., 2000; Tsan et al., 1999) , and in this study we assume that the overall fold of the two forms of the protein is independent of the spin-state of the electron.
Determination of the overall fold
In order to minimise differential dynamic averaging effects, the initial calculation designed to determine the overall fold and de®ne the interaction strengths and orientations only constrains vectors or nuclei present in recognised secondary structural elements. , whose rmsd for the backbone atoms of the helical residues (5-47,80-124) compared with the mean coordinates (s hel ) was 0.73(AE0.18) A Ê . The structural de®nition (Table 1) converges sharply with E lr,thresh , and structures selected with a threshold of 110 kcal mol À1 have an equivalent dispersion of 6.0 A Ê . In addition, no structures with a target function E lr,exp > 100 kcal mol À1 exhibited this fold (s hel > 5 A Ê ) while no structure with E lr,exp < 90 kcal mol À1 is found with s hel > 1.6 A Ê , underlining the ability of the method to identify unambiguously the correct topology.
Simultaneous determination of interaction tensors and structure
Absolute values of the magnetic susceptibility and rotational diffusion tensors de®ne the strength of the measured interactions; it is therefore important to pay particular attention to the treatment of these parameters during the course of the calculation protocol. As described in Methods, we initially estimated the values of the different components of the magnetic susceptibility and rotational diffusion tensors, based on the distribution of experimentally measured parameters (Clore et al., 1998a,b) . These methods are, in our case, highly imprecise due to the inadequate sampling available from the limited number of measurable parameters. The estimated component values are therefore only ®xed during the regularisation part of the calculation (their orientation remains free throughout). The component amplitudes are then left free to evolve during the high temperature exploratory period (t 20-30 ps). The conformational sampling during the course of a typical successful run, shown in Figure 2 , illustrates that the structure can still be far from the native fold at the beginning of the exploratory period, and that during this sampling period, complete structural motifs can fold into the native conformation. The tensor components sample a broad range of values and are simultaneously determined during this period, before converging in the cooling period. Note the particular behaviour of À Curie,DD , whose importance for the organisation of the structural motifs in Cartesian space is illustrated by the stability of the value of the interaction strength w once the overall fold is de®ned.
The ensemble of accepted structures shows convergence of both tensor component amplitudes and orientations with lower E lr,thresh , again illustrating the ability of the protocol to simultaneously determine structure and de®ne the relevant interaction tensors (Table 1) . While the sampling available to tensorial parameters during the calculation implies that the success of the protocol is largely independent of the initial component estimates, we have nevertheless repeated the protocol using signi®cantly different initial estimates ( Table 2 ). The ensemble of structures resulting from these three calculations are indistinguishable in terms of E lr,exp , backbone structure, structural dispersion and, most importantly, average tensor values, which in the latter cases are signi®cantly different from the initial estimates. It appears that as long as the global minimum in conformational and tensorial parameter space is well enough de®ned, as in this case, the method is robust enough to allow for imprecise initial tensor values.
Folding of the loop region: refinement to high resolution
The structures determined using only constraints present in motifs of secondary structure (EI) were then re®ned using a restrained MD with additional J dip , d para , and À Curie,DD data from the loop region (48-79) for those residues exhibiting negligible internal motion, as determined from heteronuclear NOE measurements (Tsan, 1998) . In all, 20, 53 and 23 additional J dip , d para , and À Curie,DD constraints were introduced to constrain the loop region. During this stage, the previously determined helices and interaction tensors are ®xed for each structure in the EI ensemble. The structures were then all re®ned with all restraints and all atoms free to move (see Methods). E lr,exp (<115 kcal mol À1 ) this time extending over the whole molecule, was again used as the only criterion for structure selection. The ®nal re®ned ensemble (EII, PDB accession code 1eky; Figures 3 and 4 and Table 3 ), shows that the backbone de®nition now extends well beyond the secondary structural elements, and that, excluding the N and C termini, only 20 residues of the loop have s local > 2.0 A Ê . 
Orientational and Long-range Order Restraints
Comparison with Cytc H in the crystalline state
The structure of Cytc H is very similar to that determined by X-ray crystallography (Tahirov et al., 1996) (Figure 4(b) ). The well-ordered backbone region of the NMR structure (5-55,75-125) superposes to 1.7 A Ê on the equivalent regions of the crystal structure for the closest structure, and 2.05(AE0.26) A Ê for the ensemble (Figure 5 ), while the most signi®cant differences exist in regions where the disorder of the NMR ensemble is very high in any case. Note that the tensor component values and orientations determined in this calculation are also similar to those recently estimated (Boisbouvier et al., 1999; Tsan et al., 1999; Tsan 1999 ) with respect to the crystallographic coordinates.
Characteristics of the search algorithm
It is clear from Table 1 that the algorithm has a low success rate (<5 %) compared with analogous NOE-based simulated annealing protocols with which we are familiar. It is at present unclear whether this is due to the inherent underdetermination of the conformational space de®ned by only 355 experimentally measured structural restraints, or to the calculation strategy which is probably not yet optimised for this type of calculation. It should be noted that the precision of the orientational information would be greatly enhanced if higher spin lanthanides were used as paramagnetic labels instead of S 2 Fe, or more signi®cantly, if molecular alignment using liquid crystal media was available. In general however, the actual success rate of the protocol is of negligible importance as long as the target function allows unambiguous recognition of the overall fold. For this particular case the difference in E lr,exp of converged and nonconverged structures is only 10 % of the total target function, suggesting that less-precise data could contain multiple minima corresponding to different molecular con®gurations. This again implies that the precision and completeness of this dataset are at the limit of the feasibility of the method, and that stronger paramagnetic effects or liquid crystalinduced alignment would be desirable for more con®dent identi®cation of the molecular fold.
It is also clear that the high precision of the helical regions contrasts that found for the central part of the long loop; this underlines the importance of combining local structural information, which for one residue may be degenerate, with the known relative geometry found in secondary structural motifs, thus providing a precise de®nition of the conformation of a group of geometrically correlated vectors. This approach is thus particularly well adapted to the positioning of secondary structural motifs, in particular for predominantly helical proteins, or for the organisation in Cartesian space of any motifs of known tertiary structure in complexes or multi-domain macromolecules. The combination of these techniques with recently proposed methods for identifying hydrogen bonding partners via scalar coupling (Cordier & Grzesieck, 1999) will also provide very powerful structural de®nition irrespective of the secondary structure.
New methods for protein structure determination: perspectives
We have shown that the complementary conformational dependence of pseudocontact paramagnetic chemical shift, Curie-Dipolar crosscorrelation, and orientational measurements from molecular alignment or rotational diffusion, allied with identi®cation of secondary structural elements, can provide suf®cient structural de®-nition to determine unambiguously backbone protein structure. The presence of a paramagnetic centre provides both purely orientational restraints in the form of residual dipolar coupling, as well as the essential Cartesian information necessary to place the oriented motifs with respect to the molecular frame, and thereby de®ne the overall fold of the molecule. The structure determination protocol described here was made possible by speci®cally tailoring algorithms (SCULPTOR) incorporated into the program Discover. This allowed us to treat each of the interaction tensors independantly and to decouple the tensor orientation and eigenvalues. Another speci®c feature of the algorithm is to weight each restraint by the residue-speci®c experimental uncertainty. For this particular example the algorithm has been shown to be robust, requiring no precise a priori estimation of the various interaction strengths. This very important feature of the protocol is illustrated by the fact that both structure, tensor eigenvalues and their component orientations all converge to the same minimum, independent of the initial component estimates. The implications of this example for the calculation of global folds of proteins in the absence of NOE measurements are clearly very promising, opening new opportunities to study biomolecular a All rmsd values are taken from the ®nal ensemble superimposed on the average backbone structure from residue 1-129, this explains the higher value of s hel compared with those found for table 2. s a is the backbone rmsd over residues .
b s b is the backbone rmsd over residues . c s c is the backbone rmsd over residues (4-125). d s d is the backbone rmsd over residues . e Includes all covalent and non-bonded interactions calculated for the molecular conformation. f Including constraints from helical and loop regions. structure using solution state NMR spectroscopy. In contrast to the measurement of 1 H-1 H NOE, once the protein backbone has been assigned, the identi®cation of all necessary constraints is unambiguous and requires no further iterative calculation. Calculations performed using only parameters measured from NH vectors show that the methods are applicable to perdeuterated systems, greatly improving relaxation-related spectroscopic considerations for very large (>30 kDa) systems. The high resolution of the structures determined in this study implies that the method can rapidly provide accurate three-dimensional fold of large proteins from the relatively simple and artefactfree NMR experiments necessary for the measurement of the constraints used. The technique requires the presence of a paramagnetic centre, and is therefore particularly appropriate for the study of paramagnetic proteins. Nevertheless the generalisation of the method to the large family of proteins containing a metal-ligation site capable of binding paramagnetic ions (Contreras et al. 1999) , or to molecules bound to peptides containing lanthanide ions, may be feasible in cases where the structure of the native protein is unperturbed and the paramagnetic centre remains immobile relative to the molecule of interest.
Methods
Details of sample preparation and spectroscopic measurements have been published for the heteronuclear auto-relaxation, assignment of 13 C chemical shifts (Caffrey et al. 1995) , assignment of diamagnetic and paramagnetic H N and H a chemical shifts of the S 2 form of the molecule (Tsan et al., 1999) , measurement of J HN residual dipolar coupling constants for the S 2 and diamagnetic forms at 600 MHz 1 H frequency and measurement of the Curie-dipolar cross correlation effect in the S 2 form (Boisbouvier et al. 1999) .
Secondary structure
No NOE datum was used in the calculation, and the only additional constraints de®ned the secondary structural elements (in this case four helices) identi®ed from hydrogen-deuterium exchange experiments and 13 C chemical shifts (Spera & Bax, 1991) . Standard (i,i 4) hydrogen bonding (1.8-2.2) A Ê HN Ð O, and (2.7-3.3) A Ê N Ð O distance restraints and f dihedral angle restraints À80 to À40 were used for this purpose. Weak (0.1 kcal mol À1 A Ê 2 ) electron-spin nuclear-spin distance restraints (d < 11 A Ê ) for protons paramagnetically broadened in the S 2 spectra and similar constraints for non-broadened lines (d > 10 A Ê ) were also introduced.
Incorporation of novel restraints
We have programmed each of the novel constraint types in an in-house modi®ed version of Fdiscover (MSI) entitled SCULPTOR (structure calculation using longrange paramagnetic, tensorial and orientational restraints) as explicit target potentials in addition to the classical potential energy function. Potentials of the form:
were incorporated into the AMBER4 force ®eld. The experimentally determined uncertainties s exp provide a residue-speci®c weighting depending on the con®dence in the measured data, while the various prefactors k i were scaled so that the total energetic contributions from each different constraint type were approximately matched during the calculation. Residual dipolar NH couplings measured at a 1 H frequency of 600 MHz for the S 2 and S 0 form were combined such that the target coupling is equal to J dip (J 600 S 2 À J 600 S 0 ). We have preferred using this term rather than equivalent calculations using the term ÁJ dip ((J 600 À J 400 ) S 2 À (J 600 ÀJ 400 )
S 0 ) which effectively removes the contribution due to dynamic frequency shift (DFS) (Tjandra et al. 1996) , in view of the range of J dip and ÁJ dip compared with their respective experimental errors. This implies the presence of a random error of 10 % of the measured J dip range due to DFS. Curie-dipolar cross-correlated relaxation was characterised using a constant " w de®ning the strength of the interaction which takes into account the average magnetic susceptibility (Boisbouvier et al., 1999) . Potential energy gradients with respect to atomic Cartesian coordinates were calculated numerically for each of the novel terms introduced into the program. The magnetic susceptibility w, rotational diffusion D and average tensor " w required for the crosscorrelation À are all represented by a number of additional virtual molecules to facilitate the calculation of energy and gradients associated with each of the novel potentials. Tensor orientation and eigenvalue component amplitude are decoupled entirely, to allow independent manipulation of rotational freedom and interaction strength for the two tensors.
Simulated annealing
All calculations used a simple quartic repulsive term for all non-bond atomic interactions and atomic radii were ®xed at 0.825 of their van der Waals values. No non-bond interactions were calculated beyond 5.0 A Ê and interactions concerning sidechains beyond C b were excluded from the structure calculation to improve structure calculation ef®ciency and to facilitate reorientation of multi-residue structural elements during the calculation. All calculations used a leapfrog algorithm sequential time-step of 1fs.
Determination of structure from random coordinates
Using SCULPTOR we have developed a simulated annealing structure calculation protocol starting from randomised atomic Cartesian coordinates. The algorithm uses the following approach; covalent, non-bonded and secondary structure contributions starting at 10 À6 of their maximum values are smoothly increased over a heating period of 20 ps. The weighting of other experimental data is simultaneously increased during this period from 0.001 to 1.0 at t 20 ps, followed by a 10 ps exploratory period at 2000 K, and a slow cooling period (to 100 K) of 13 ps. During this period the experimental weighting is also increased by a factor of 2. Structures were accepted or rejected only with respect to their agreement with the measured long-range experimental restraint data, de®ned by the parameter E lr-exp E para E Curie,DD E Jdip E R2R1 .
In the interests of ef®cient structure generation, once the overall fold had been unambiguously identi®ed from the structures with the lowest E lr,exp (E lr,thresh ), this ensemble was used as a seed for further annealing calculations starting from the exploratory period at 2000 K. The remainder of the protocol is identical with that described above and again complete freedom is allowed for tensor amplitude and orientation to be determined. The ®nal ensembles derived from these calculations were again selected using E lr,thresh 90 kcal mol À1 and were statistically indistinguishable from the seed structures or from each other.
Initial estimates of the eigenvalues of the rotational diffusion tensors were derived from the raw data with no reference to structure (Clore et al. 1998a ) using the distribution of R 2 /R 1 values. Similar methods, based on the measured coupling constants (Clore et al. 1998b ), allied to magnetic susceptibility measurements were used to estimate approximate initial values for Áw ax and Áw rh (Tsan et al., 1999) . " w was estimated from the theoretical calculation of the interaction strength from physically known parameters, which gave similar values to estimates based on the range of measured values. In order to test the effect of the starting values of interaction strengths, structure calculations were repeated using different initial estimates and the ®nal converged structure and tensor characteristics compared. These estimates are ®xed during the initial stages of the calculation and the orientation of the tensor left unrestrained. In order to simultaneously optimise tensor and structure during the exploratory period, both eigenvalues and orientation are left free to¯oat in a large¯at-bottomed potential well. The tensors are thus determined only by the correlation between the relevant restraints and the molecular conformation. The interaction strengths are then slowly frozen prior to cooling of the molecular system.
Refinement stage
The helices and tensors were tethered to their determined values during the 10 ps exploratory period at 2000 K, followed by slow cooling to 100 K. Five structures were calculated for each member of the EI ensemble, and the ensemble of structures with the lowest E lr,thresh -values from each initial structure re®ned. A restrained molecular dynamics at 600 K was performed with all parameters free and using all experimental constraints to relieve local stress in the structure to produce the ®nal ensemble EII. The lowest E lr,thresh -values over the whole molecule were again taken to represent the re®ned ensemble.
